ABSTRACT The selection of voxel weightings in the elliptical model is significant to determine the performance of the positioning in the radio tomography imaging system. In this paper, we propose an elliptical weighting model based on the distance of voxels within the scope of ellipse and line of sight path. To adaptively select the voxel weightings, a distance attenuation factor is introduced when the voxel weightings are calculated. Simulation results show that the proposed elliptical weight model improves the accuracy of the target position and also has fewer artifacts. Meanwhile, the mean square errors of the estimated three positions are decreased by 0.004, 0.03, and 0.01, respectively, in comparison with the classical elliptical weighting model.
I. INTRODUCTION
Radio tomographic imaging (RTI) was first presented in 2009 by Sensing and Processing Across Networks (SPAN) lab of Utah University in 2009 [1] . RTI means that the monitoring area image is reconstructed by the received signal strength (RSS), which provides a new way for residential monitoring, ambient assisted living, and military purposes. To improve the accuracy of the positioning in RTI system, the advanced methods have been proposed. In recent years, the elliptical model in RTI system has become a research hot topic. The classical weighting model was first proposed by Wilson and Patwari [1] , Patwari and Agrawal [2] . However, there are some limitations for this model: The voxel weightings for the same elliptical area are the same, which is not consistent with the actual environment. In 2014, Hamilton et al. proposed an inverse area elliptical model [3] . In this model, the voxels weightings near the LOS path are large because of the short signal propagation path, and vice versa. To embody this characteristic, each voxel weighting is equal to the inverse of the area of the smallest ellipse containing the transmitter and receiver as foci. Although this inverse area elliptical model has the greater contribution than others when some of the ellipse are recognized the contribution of each voxel of the ellipse can't be distinguished. After that, a constant centrifugal rate elliptical model is proposed in [4] , which is suitable for the large coverage of ellipse under shorter distance. The images can be reconstructed with fewer voxels, greatly reducing the noise interference. However, how to decide the weight in ellipse is not considered in the above study. In [5] , a geometry-based elliptical model is proposed. Here, ellipse represents the communication link, and it is divided into several different areas, where the weightings are different in different areas. Meanwhile, the communication links belonging the same ellipse are divided into line-of-sight and non-line-of-sight paths to close to the actual environment. However, the coefficient is decided by empirical experiment, which is not suitable in the real time positioning. Based on the above research, in this paper, one new distance attenuationbased elliptical weighting model is proposed, In this model, the voxel weightings will be changed with the distance h between the voxel and the LOS path, where the distance attenuation factor e −h is introduced to define the weighting values. The proposed distance attenuation-based weighting values can adaptively adjust according to the position of each voxel and the corresponding signal propagation, which is consistent with the actual situation. This paper is organized as follows: In section 2, the principle of RTI and new elliptic model based on distance attenuation are introduced. Section 3 gives the reconstructed images. Section 4 draws the conclusions of simulation result. 
II. ALGORITHM DESCRIPTION A. RADIO TOMOGRAPHIC IMAGING
The sensor nodes are deployed around the monitored area in radio tomography imaging, as shown in Fig. 1 . 12. The monitored area is divided into N voxels, and the link between every two sensor nodes is assumed a LOS path. When there is no target in the monitored area, the attenuation of communication links between nodes follows the path loss model of the free space. Whereas, the transmit power will be absorbed, reflected and scattered when the targets in the monitored area. Generally, the attenuation can reach 5∼10dB, which is called the shadow loss. Mathematically, the shadowing loss is described as [1] , [6] , [7] :
where P is the RSS measured in real time, and P e represents the RSS for link calibration phase when the monitoring area is empty. γ i indicates that the communication link is blocked by obstruction. Therefore, a small γ i denotes that, there is no obstacle between the link, and a large γ i means that there are obstructions in the monitored area. The goal of RTI is to obtain an image vector that presents the power attenuation due to physical objects within N voxels of monitored area [6] . Fig.2 shows the principle of the RSS-based RTI positioning. A RTI system includes the communication link loss model, the RSS loss model, the elliptical weighting model and the target location estimation. In the section 2.2, the linear model of the communication link attenuation is introduced, and the relationship between RSS attenuation and voxels is established. In the section 2.3, the elliptical weighting model of the RTI is introduced, which describes the partition of elliptical range and the adaptive selection of the voxel weightings. Then, the section 2.4 introduces the Tikhonov method for solving the large ill-conditioned equations.
B. LINEAR MODEL
Let n denotes the number of nodes in the monitored area, and the total number of the unique two-way links should be M = n × (n − 1) [1] . If each side of the monitored area is divided into k parts, the total number of voxels in network region is k 2 . The received signal strength γ i (t) of a particular link i at time t can be described as
where P i is transmit power; S i (t) is shadowing loss; n i (t) represents the noise; and L i denotes the static losses due to the distance, antenna patterns, device inconsistencies, etc. S i (t) can be approximated as the sum of attenuation in all voxels [1] , which is described for a single link as
where x j (t) is the attenuation in voxel j at time t, and w ij is the weighting of voxel j for link i. A link calibration phase is needed before starting the measurement [1] , [6] . The calibration time and value are, respectively, assumed as [0, t a ] and γ i , and then the RSS at time t b can be described as
where
When all links in the RTI system are considered simultaneously, the RSS attenuation equations can be described in matrix form as
and x is the estimated attenuation voxels matrix, y means the RSS difference of all links with length M , n denotes a noise vector of length M, and W is a M × N weighting matrix [6] . 
C. WEIGHT MODEL
The prior information about monitored area is not available, thus, the statistical model can be used to describe the linear effect of the attenuation field on the path loss in each link. Patwari and Agrawal [2] proposed an elliptical model (called Model1) to weight the voxel of each link inside elliptical area as depicted in Fig. 3 . In Fig.3 , the voxels outside the elliptical area are weighted as zero. Conversely, the voxels located in the elliptical area are weighted as 1. Since the path loss is inversely proportional with the distance, the voxel weightings inside the elliptical area should be multiplied by the reciprocal of the distance between the two nodes.
The weighting is described as
where d i is the length of link i, d ij (1) and d ij (2) are the distances between voxel j and two sensor nodes, respectively, and λ is an adjustable parameter to determine the range of the ellipse [1] , [2] . Fig.4 shows the voxels of the longest communication link inside the elliptical range. Fig.5 is enlarged image of Fig.4 , and it can be seen that all the voxels with the same gray value are not hierarchical, and the difference of path loss in the target area is slight and can't be distinguished.
In practice, for the same ellipse, the shadowing loss is larger in the line of sight environment compared with the nonline-of-sight environment. In addition, the interruption of the signal will be greater when the distance between a person and sensor nodes is smaller. However, all the voxel weightings in link i are the same in (8), which is not consistent with the actual environment.
Based on the above, we propose a new distance attenuation-based elliptical weight model to distinguish the difference of path loss in the target area (called Model2). In the proposed model, a distance attenuation factor e −h is adopted, where h denotes the distance between each voxel inside the ellipse and the LOS path. To this end, the new weighting model is described as
Instead of the unified
, e −h can be used to refine each voxel weighting. Fig.6 shows the enlarged image of the same elliptical area in Fig.4 . Obviously, compared with Fig.5 , the voxels of the longest link are hierarchical represented as different grays. The obvious difference can be found in the three-dimensional images as shown in Figs.7 and 8 .
D. TIKHONOV REGULARIZATION RECONSTRUCTION
After obtaining the weighting matrix, the RTI positioning problem can be transformed into the large ill-posed equations (8) problem. As presented in [1] , [4] - [6] , and [8] , x can be obtained by Tikhonov regulation, and the ill-posed problem is further transformed into the well-posed one. Mathematically, the objective function includes two terms, namely the least square formulation and an energy term, which can be written as
where Q is the Tikhonov matrix which is used to enforce the ill-posed inverse problem and obtain one positive definite solution for the Equation (10); α Qx 2 is the regulation term; and α represents an adjustable regularized parameter [1] , [6] , [8] , [9] .
Taking the derivative of equation (10) and setting it equal to zero, the solution can be computed as
E. INDEX OF POSITIONING ACCURACY EVALUATION
The target location is in the voxel that gray value is the maximum in the reconstructed image. In [1] and [9] , the MSE is used to evaluate the performance algorithms, which can be written as
where x r is the actual position for target, x e denotes the estimated position by Tikhonov regulation and N represents the number of voxels.
III. EXPERIMENTAL VALIDATION
The monitoring area is a 6m × 6m square, and voxel size is set as 0.1m × 0.1m. Thereby, the total number of voxels is 3600. 16 sensor nodes are deployed in the monitoring area. The ellipsoid parameter λ is set as 0.05 in Equation (9). In experiment, three different positions with (1.2, 2.4), (4.2, 0.6) and (4.8, 4.8) are selected for analyzing the accuracy of the positioning. For simplicity, the indexes of the above three positions are marked as [1] - [3] , respectively.
A. RECONSTRUCTION IMAGE OF TIKHONOV REGULARIZATION
Figs. 9 (a) and 9 (b), respectively, shows the reconstructed images under the proposed distance attenuation-based weight model and the normalized weight model. From Fig.9 , it is obvious that the reconstructed image under Model 1 has smaller imaging area and the bright spot is more concentrated. Furthermore, the pseudo position area inside lower left corner shrinks obviously. The reconstructed image Fig.12  (a), Fig.12 (b), Fig.13 (a) and Fig.13 (b) are the reconstructed images of two models, respectively. The corresponding number of relative serious attenuation voxels target decided, and the number of pseudo position voxels are shown in Table 1 .
From table 1 and the reconstructed images, it can be seen that the number of serious attenuation voxels and pseudo position turn are less in Model 2, which is better to resist the measurement noise and multipath interference by adopting the distance attenuation factor in comparison with Model 1.
B. ANALYSIS OF POSITIONING ERROR
The MSE curves in three coordinate indexes [1] - [3] are shown in Fig.14 under Model 1 and Model 2. It can be observed that the MSE difference of two models for the given three positions is 0.004, 0.03 and 0.01, respectively. Therefore, the proposed weight model can obtain a higher accuracy in positioning.
IV. CONCLUSION
A new distance attenuation-based weighting model was proposed to improve the accuracy of RTI. The attenuation factor e −h is brought in proposed model, which would be 
